Background: SCF E3 ligases regulate degradation of proteins involved in many processes including cell cycle progression and DNA repair. Results: SCF-FBXO31 interacts with and regulates the degradation of Cdt1 in G 2 phase. Conclusion: FBXO31 regulates Cdt1 proteolysis during the G 2 phase to prevent re-replication. Significance: SCF-FBXO31 regulation of Cdt1 is a novel pathway involved in the precise regulation of DNA replication. 6 The abbreviations used are: SCF, Skp1-Cullin1-F-box protein complex; MBP, maltose-binding protein; si-, small interfering; PLA, proximity ligation assay; 7-AAD, 7-aminoactinomycin D; IP, immunoprecipitated; qPCR, quantitative PCR; EDU, 5-ethynyl-2Ј-deoxyuridine.
FBXO31 was originally identified as a putative tumor suppressor gene in breast, ovarian, hepatocellular, and prostate cancers. By screening a set of cell cycle-regulated proteins as potential FBXO31 interaction partners, we have now identified Cdt1 as a novel substrate. Cdt1 DNA replication licensing factor is part of the pre-replication complex and essential for the maintenance of genomic integrity. We show that FBXO31 specifically interacts with Cdt1 and regulates its abundance by ubiquitylation leading to subsequent degradation. We also show that Cdt1 regulation by FBXO31 is limited to the G 2 phase of the cell cycle and is independent of the pathways previously described for Cdt1 proteolysis in S and G 2 phase. FBXO31 targeting of Cdt1 is mediated through the N terminus of Cdt1, a region previously shown to be responsible for its cell cycle regulation. Finally, we show that Cdt1 stabilization due to FBXO31 depletion results in re-replication. Our data present an additional pathway that contributes to the FBXO31 function as a tumor suppressor.
FBXO31 was first identified as a candidate tumor suppressor gene located within the chromosome 16q24.3 loss of heterozygosity region in breast, ovarian, hepatocellular, and prostate cancers (1) (2) (3) (4) (5) . FBXO31 is a cell cycle-regulated protein that is highly expressed from G 2 to early G 1 phase (2) . It is expressed in most tissue types, with particularly high expression in the brain. FBXO31 expression is reduced in breast cancer cell lines and primary tumors, and ectopic FBXO31 expression induces senescence in breast cancer cell lines (2) .
FBXO31 interacts with the Skp1-Cul1-Roc1 (SCF) complex forming a functional SCF-FBXO31 E3 ubiquitin ligase (2) . Like other E3 ubiquitin ligases, the SCF 6 recruits the substrate and the E2 ubiquitin-conjugating enzyme (6) resulting in the ubiquitylation of the substrate. Ubiquitylation can subsequently lead to either proteasomal degradation or functional modification of the substrate (7) . In the SCF-based E3 ligases, the variable F-box proteins are the substrate recognition subunits. They share a 40-amino acid conserved F-box domain and are classified into three groups based on the presence of WD40 repeats (FBXW) or leucine-rich repeats (FBXL) or the absence of any of these domains (FBXO) (8) . There are ϳ70 members in the F-box protein family, but only a small number of them have been matched to their substrates (9, 10) .
Two FBXO31 ubiquitylation substrates have been identified to date. The first described substrate was cyclin D1 in the SK-MEL-28 cell line (11) , although a recent report suggests that FBXO31 regulates cyclin D1 RNA levels rather than protein stability in mouse embryonic fibroblasts (12) . In the SK-MEL-28 cell line, FBXO31 was induced by DNA damage, rapidly degrading cellular levels of cyclin D1 and leading to G 1 cell cycle arrest (11) ; however, FBXO31 induction by DNA damage has not been reported for any other cell lines. Thus, the precise role of FBXO31 in cyclin D1 regulation and its relevance to tumor suppressor function of FBXO31 requires further investigation. The second FBXO31 substrate is Par6c, whose proteolysis regulates neuronal axonal growth, dendrite growth, and neuronal migration in the developing cerebellar cortex (13) . This illustrates a specialized function of FBXO31 in the brain (13) .
Consistent with the tumor suppressor role proposed for FBXO31, its expression is down-regulated in hepatocellular carcinoma (14) . Conversely, FBXO31 higher expression determines poor prognosis in esophageal squamous carcinoma (15) . The molecular mechanism for these discrepancies is so far unclear, prompting further investigations to identify FBXO31regulated pathways.
We hypothesized that FBXO31 ubiquitylates additional cellular oncoproteins that are cell cycle regulated and targets them for proteasomal degradation. We screened various cell cycleregulated proteins, whose expression levels inversely correlate with FBXO31 levels during the cell cycle, as potential FBXO31 substrates and identified Cdt1 as a candidate substrate. Cdt1 is part of the pre-replication complex and is essential for the maintenance of genomic integrity. The origin recognition complex first binds to origins of replication followed by the recruitment of Cdt1 and Cdc6, which in turn recruit the mini-chromosome maintenance proteins (16) . Together, these proteins form a pre-replication complex allowing loading of the DNA replication machinery and replication initiation (16, 17) . The activity and protein levels of Cdt1 are tightly controlled in S and G 2 phases of the cell cycle through ubiquitylation-dependent proteolysis by SCF-Skp2 ubiquitin ligase and the proliferating cell nuclear antigen-dependent Cul4-DDB1 and Cdt2 ubiquitin ligases as well as the inhibitory geminin binding to prevent rereplication and genomic instability (18, 19) .
Here we show that FBXO31 directly interacts with and ubiquitylates Cdt1 in vitro and in vivo. Cdt1 regulation by FBXO31 is limited to the G 2 and the early mitotic phase of the cell cycle and is independent of the pathways previously described for Cdt1 proteolysis in S and G 2 phase. FBXO31 targeting of Cdt1 is mediated through the N terminus of Cdt1, previously shown to be responsible for its cell cycle regulation. Finally, we show that FBXO31 depletion induces re-replication and FBXO31 suppresses re-replication induced by Cdt1 overexpression. Our data present a novel pathway that regulates Cdt1 in the G 2 phase of the cell cycle and is likely to contribute to FBXO31 tumor suppressor activity.
EXPERIMENTAL PROCEDURES
Cell Lines and Culture-HeLa, HEK293T, and H1299 cell lines were purchased from the American Type Culture Collection and were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum 100 units of penicillin/ml and 100 g of streptomycin/ml (Sigma). HEK293T FLAG-FBXO31 stable HEK293T cell line was generated by transduction of recombinant retrovirus generated by using the pQCXIN-FLAG-FBXO31 construct described previously (2) .
Plasmids, siRNAs, and Transfections-The Cdt1 N-terminal constructs wild type (1-101), Cy (1-101), A6 (1-101), A6Cy (1-101), (1-51), , , , , (38 -101) , (1-51⌬(22-31) ) and the vector containing tag only (9Myc3NLS) as well as full-length Cdt1, Cy-Cdt1, A6-Cdt1, and A6Cy-Cdt1 were kindly provided by Prof. Hideo Nishitani. FBXO31 siRNA-1 (5Ј-CCACGUCGAUGACCCUAUG-3Ј), FBXO31 siRNA-2 (5Ј-GGAGUAUGGUGUUUGCGAA-3Ј), Skp2 siRNA (5Ј-GCA-UGUACAGGUGGCUGUU-3Ј), and control siRNA (5Ј-UUC-UCCGAACGUGUCACGUTT-3Ј) were purchased from Shanghai GenePharma. The cells were cultured without antibiotics 24 h before transfection. Transient transfections were carried out using 100 nM siRNA or 1 g/10 cm 2 plasmid DNA with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Transfections were carried out for 3 h in Opti-MEM medium (Invitrogen). Cells were transfected with siRNA 72 h before harvest or with plasmid DNA 48 h before harvest unless indicated otherwise.
Coimmunoprecipitation and in Vitro Interaction Assays-Protein extracts were prepared from HeLa cells synchronized by a double-thymidine block, treated with MG132 at 8 h postrelease, and harvested 9 h post-release. Protein extracts were also prepared from HEK293T cells expressing FLAG-FBXO31 and transiently transfected with Cdt1 N-terminal constructs for 48 h. The cells were washed with PBS and lysed in coimmunoprecipitation buffer (50 mM Tris-Cl, pH 8.0, 0.5% Nonidet P-40, 0.15 M NaCl, 1 mM EDTA, phosphatase and protease inhibitor mixture (Roche Applied Sciences)), and 2 mg of the cleared protein lysate was used for each immunoprecipitation. Anti-FLAG M2 conjugated beads (Sigma), mouse anti-Cdt1 antibody (F-6) (sc-36530, Santa Cruz), and rabbit IgG (Sigma) bound to protein A-Sepharose beads (Merck Millipore) were used, and the antibodies were covalently cross-linked to the beads as described by Abcam protocols. Clarified lysates from synchronized HeLa cells were incubated with either anti-Cdt1or IgG-bound beads, and the lysates from cells transfected with FLAG-FBXO31 and Cdt1 expression construct were incubated with anti-FLAG-conjugated M2 beads. Beads were washed 3 times with the coimmunoprecipitation buffer, and the complexes were eluted by 1ϫ protein-loading buffer (0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol) and analyzed by Western blotting.
Ubiquitylation Assays-For in vivo assays, HEK293T cells were co-transfected with different combinations of plasmids expressing 8ϫHis-Cdt1, 6ϫHA-ubiquitin, Myc-FBXO31, or Myc-FBXO31⌬F. Polyubiquitylated Cdt1 was detected by immunoprecipitation of Cdt1 with nickel-nitrilotriacetic acidagarose beads (Qiagen) under denaturing conditions followed by Western blotting with an anti-HA antibody. For in vitro assays, HEK293T cells were transfected with different combinations of vectors expressing HA-FBXO31, HA-CUL1, HA-SKP1, and HA-ROC1. The SCF-FBXO31 (E3) complexes were immunopurified from the cell lysate using anti-HA antibody-conjugated beads (Sigma) and incubated with GST-Cdt1 fusion protein expressed in and purified from bacteria in the presence of recombinant purified E1, E2, ubiquitylation buffer, Myc-ubiquitin, and Cdk2/cyclin A. The reaction was stopped by the addition of 1ϫ protein-loading buffer, and samples were Western-blotted with mouse anti-Myc antibody (9E10).
Western Blot Analysis-Protein extracts were prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 0.1% Triton X-100, 5 mM EDTA, 250 mM NaCl) supplemented with protease inhibitor and phosphatase inhibitor cocktails (Roche Applied Sciences) followed by sonication and centrifugation. Alternatively, cell pellets were directly lysed in 1ϫ protein-loading buffer followed by sonication and centrifugation. The lysates or immu-noprecipitated protein samples were resolved on SDS-PAGE using Bio-Rad pre-cast gels and transferred onto ECL membrane (Amersham Biosciences). To detect FBXO31, the samples were resolved on a 10% resolving gel with a 4% stacking gel according to the published method (20) . To detect a mobility shift in phospho-Cdt1, SDS-PAGE was carried out as described by others (21) . ECL membranes were probed with various primary antibodies and detected with appropriate horseradish peroxidase-conjugated secondary antibodies (Sigma) using the LAS4000 enhanced chemiluminescence detection system (Fujifilm) using standard protocols. The cell lysate after the cyclohexamide treatment experiment was blotted on PVDF membranes (Merck Millipore) and detected with fluorescent-conjugated secondary antibodies (Li-Cor) and scanned on Odyssey scanner according to the manufacturer's instructions (Li-Cor) . Blots were probed with the following antibodies: monoclonal mouse anti-Cdt1 (F-6) (sc-36530, Santa Cruz Biotechnology), rabbit anti-Cdt1 (D10F11) (#8064, Cell Signaling), rabbit anti-cyclin B1 (ab7957, Abcam), mouse antiactin (#612656, BD Biosciences), mouse anti-cyclin A (Abcam), mouse anti-␥-tubulin (GTU-88) (T6557, Sigma), monoclonal mouse anti-Myc (9B110) (#2276, Cell Signaling), mouse anti-FLAG M2 (Sigma), goat anti-SKP2 (N-19) (sc-1567, Santa Cruz Biotechnology). Polyclonal rabbit anti-Cdt1 antibody was also kindly provided by Prof. A. Dutta. Rabbit anti-FBXO31 antibody was raised against the recombinant 6ϫHis-FBXO31-(352-539) protein and affinity-purified using GST-FBXO31-(352-539) fusion protein conjugated to CNBr-activated agarose beads. Monoclonal mouse anti-FBXO31 antibody was generated at the Monash Antibody Technologies Facility, Monash University, Victoria (Australia) against the purified 6ϫHis-FBXO31-(111-539) protein expressed in bacteria.
Immunofluorescence and Proximity Ligation Assay-Treated cells were cultured on coverslips and fixed by 2% paraformaldehyde in PBS. The antibody staining was carried out according to standard procedures. Primary antibodies, rabbit anti-Cdt1 (Cell Signaling), and monoclonal mouse anti-FBXO31 and mouse anti-cyclin A antibodies were used together with Alexafluor conjugated secondary antibodies (Invitrogen). Proximity ligation assay was carried out using the above primary antibodies and a Duo-Link starter kit red according to the manufacturer's instructions (Olink Biosciences).
Quantitative Real-time RT-PCR-RNA was isolated using the RNeasy Plus kit (Qiagen) according to the manufacturer's instructions. Reverse transcription was performed using superscript III reverse transcriptase (Invitrogen) followed by quantitative real-time PCR with SYBR Green qPCR Mix (Roche Applied Sciences) on a light cycler LC480 PCR machine (Roche Applied Sciences). Primer sequences (Bioneer) were as follows: Cdt1 forward (5Ј-TGGGCACCTGTCGTCCCAGCTACTAG-GGAG-3Ј) and Cdt1 reverse (5Ј-TTCAAAGCTGGCTGGCT-CTGGCCCTGTCAT-3Ј); FBXO31 forward (5Ј-CCGGCGG-GAGGCAGGAGGAGT-3Ј) and FBXO31 reverse (5Ј-GCGG-CGGTAGGTCAGGCAGTTGTCG-3Ј); HPRT1 forward (5Ј-GACCAGTCAACAGGGGACAT-3Ј) and HPRT1 reverse (5Ј-GTGTCAATTATATCTTCCACAATCAAG-3Ј).
Cell Synchronization and Treatments-Cells were synchronized at G 1 -S phase using a double-thymidine block. Cells were grown in the presence of 2.5 mM thymidine (Sigma) for 20 h and then washed and grown in fresh medium without thymidine for 8 h. Cells were then cultured again with thymidine for a further 16 h and then released from the G 1 -S block by washing twice with fresh medium. The siRNA transfections were carried out immediately after the first thymidine release, and in those cases the second thymidine block was added 30 h after the first release. Cells were collected at various time points after release from the second thymidine block. Cell were synchronized to G 2 using a nocodazole block at 150 ng/ml (Sigma) for 16 h. MG132 was added at 10 M (Sigma) where indicated. Cyclohexamide was added at 50 g/ml (Sigma) to asynchronous cells 48 h post siRNA transfection and harvested at different time points over 2 h.
Cell Cycle Analysis and Re-replication Assay-For cell cycle analysis, the cells were harvested, washed with cold PBS, resuspended in 300 l of cold PBS, and then fixed by the dropwise addition of 100% ethanol to the final concentration of 70% while vortexing and then incubated for at least 16 h at Ϫ20°C. The cells were then washed, and DNA staining was carried out by incubation with 25 g/l 7-AAD (Company) in PBS containing 100 g/ml RNase A (Roche Applied Sciences) for 1 h at room temperature in the dark. The re-replication assay was carried out as described previously (22) with few modifications. Briefly, HeLa cells were transfected and synchronized by double-thymidine block as described above. Cells were harvested at 0, 3, 6, and 9 h post release and pulsed with 10 M EdU for 30 min before each harvest. The cells were washed and stained with 7-AAD cell cycle dye and for EdU using the Click iT flow-cytometry kit (C10425, Invitrogen) as described by the manufacturer. All samples were analyzed on a FACSCanto cytometer (BD Biosciences). Cell cycle analysis of DNA histograms was done using WinMDI and Weasel software (Walter and Eliza Hall Institute, Australia). The cells were gated based on their 7-AAD signal relative to signal area to include single cells only.
RESULTS

FBXO31 and Cdt1
Interact in Vitro and in Vivo-To identify FBXO31 interaction partners, we screened a set of known cell cycle-regulated proteins by coimmunoprecipitation assays with FBXO31 using epitope-tagged exogenously expressed proteins and identified Cdt1 as a novel FBXO31 interacting partner as shown in Fig. 1 . Protein extracts from HEK293T cells transiently expressing Myc-tagged Cdt1 were subjected to immunoprecipitation with either anti-Myc antibody or IgG control and Western blotted with an anti-FBXO31 antibody. Endogenous FBXO31 was detected in anti-Myc but not in IgG immunoprecipitates (Fig. 1A) . The interaction of endogenous FBXO31 and Cdt1 was then examined by immunoprecipitation assays using FBXO31 and Cdt1 antibodies. Cdt1 and FBXO31 did not co-precipitate in asynchronous cell extracts probably due to the rapid degradation of the ubiquitylated Cdt1 ( Fig. 1A) . FBXO31 is known to be stabilized in G 2 through to mitosis and early G 1 (2) . Consequently, we immunoprecipitated Cdt1 from cells synchronized in G 2 by a double-thymidine block and release (9 h post-release) protocol and treated with the proteasomal inhibitor MG132 for 1 h to prevent degradation of ubiquitylated Cdt1 before coimmunoprecipitation. Western blot- For endogenous immunoprecipitation, either asynchronous HeLa cells or cells synchronized with a double-thymidine block and harvested 9 h after release were used. The synchronized cells were treated with MG132 for 1 h before harvest. Total cell extract was subjected to immunoprecipitation using anti-Cdt1, anti-FBXO31 antibodies, or rabbit IgG. The immunoprecipitates were analyzed by Western blotting with anti-FBXO31 and anti-Cdt1 antibodies (right panel). B, HeLa cells were transiently transfected with control or FBXO31 siRNA (siRNA-1), synchronized with a double-thymidine block, and fixed onto coverslips 9 h after release. Samples were treated with MG132 for 1 h before fixation where indicated on the figure. Cells were probed with anti-FBXO31, anti-Cdt1, and anti-cyclin A antibodies or mouse (M) or rabbit (R) IgG alone or in combination as indicated on the figure. Antibodies were either detected by fluorescently labeled secondary antibodies or a proximity ligation assay kit as marked. C, GST, GST-Cdt1, or GST-cyclin D1 proteins expressed and purified from bacteria were incubated with bacterially-expressed MBP or MBP-FBXO31 fusion proteins attached to amylose resin. The complexes were washed and eluted in 1ϫ proteinloading buffer and either analyzed by Western blotting with anti-GST antibody (upper image) or resolved by SDS-PAGE and visualized by colloidal Coomassie staining (lower image). Note a low level of nonspecific GST-Cdt1 binding to MBP-beads in lane 5. D, HEK293T cell lysates expressing FLAG-FBXO31, FLAG-FBXO31⌬F, or FLAG-FBXL11 either alone or together with Myc-Cdt1 were immunoprecipitated with anti-Myc antibody. Inputs and IP samples were Westernblotted with anti-Myc or anti-FLAG antibodies. Note different exposures of the same blot with input and IP samples probed with anti-FLAG antibody were used for clarity.
ting showed the presence of a significant amount of FBXO31 in the Cdt1 immunoprecipitate compared with IgG, indicating their endogenous interaction ( Fig. 1A, right panel) .
To show in vivo FBXO31-Cdt1 interaction in situ, we used the newly developed proximity ligation assay (PLA) technology (23, 24) . The PLA method utilizes species-specific secondary antibodies attached to unique short DNA strand probes (PLA probes). When the probes are in close proximity, the DNA strands interact through the addition of two other circle-forming DNA oligonucleotides and incubation with ligase followed by a rolling circle amplification using a polymerase. The amplified DNA is detected by a fluorescent probe resulting in distinct bright spot signals (foci), which is visualized by fluorescence microscopy (25) . First, conventional IF was used to confirm the specificity of the FBXO31 and Cdt1 antibodies on cells synchronized in G 2 (Fig. 1B, top panels) . FBXO31 staining was observed mainly in the cytoplasm of the control siRNA-transfected cells and very low intensity staining in the FBXO31-depleted cells (Fig. 1B) . The siRNA knockdown of FBXO31 was also confirmed using Western blot analysis ( Fig. 1B ). We used Cdt1 co-staining with an anti-cyclin A antibody to demonstrate the specificity of the Cdt1 antibody. In agreement with a previous report that cyclin A-positive cells should be Cdt1-negative (19) and that cyclin A is present from S though to G 2 phase, the majority of the cells (synchronized in G 2 ) were cyclin A-positive but Cdt1-negative. Only a few cells that had completed mitosis presented Cdt1-positive nuclei (ϳ3%), and these were cyclin A-negative ( Fig. 1B, middle  panel) . PLA was then carried out on control and FBXO31-depleted HeLa cells synchronized in G 2 (9 h post double-thymidine block-release) and treated for 1 h with MG132 before fixation to stabilize ubiquitylated Cdt1. PLA foci (very small bright red spots) were detected in the cytoplasmic region when FBXO31 and Cdt1 primary antibodies were used on control siRNA-treated HeLa cells (ϳ15 foci/cell), whereas FBXO31depleted cells were similar to the negative controls (2-3 foci/ cell); mouse IgG and rabbit IgG were used as controls for FBXO31 and Cdt1 antibodies, respectively ( Fig. 1B , lower panel). Taken together our data showed that endogenous FBXO31 and Cdt1 interact during the G 2 phase of the cell cycle and that this interaction appears to occur in the cytoplasm.
To validate a possible direct interaction between FBXO31 and Cdt1, we carried out an in vitro pulldown assay with purified proteins expressed in Escherichia coli. The recombinant maltose-binding protein (MBP)-FBXO31 fusion protein immobilized on amylose beads (Fig. 1C, lower panel) , in comparison to MBP-amylose beads, specifically pulled down GST-Cdt1 and GST-cyclin D1, a known FBXO31 substrate, but not GST alone (Fig. 1C, lanes 8 and 9 versus lane 7) . The results showed that Cdt1 interacts directly with FBXO31. Interestingly GST-Cdt1 appeared to have a higher affinity for MBP-FBXO31 than the positive control GST-cyclin D1, as judged by the intensity of the pulled-down protein bands on the blot. Cyclin D1 binds FBXO31 in a phospho-specific manner (11) , which may explain its lower affinity in binding to FBXO31 here.
We have previously shown that similar to other F-box proteins, FBXO31 interacts with the SCF through its F-box domain (2) . A bona fide FBXO31-ubiquitylation substrate is expected to interact with regions of the protein outside the F-box, allowing the formation of a functional SCF-FBXO31-substrate complex. To verify this, a co-immunoprecipitation assay was carried out in cells co-expressing Myc-Cdt1 with FLAG-FBXO31, FLAG-FBXO31⌬F (deleted F-box domain), or an unrelated F-box protein, FLAG-FBXL11. We detected FLAG-FBXO31 but not FBXL11 in Myc-Cdt1 immunoprecipitates, confirming that the FBXO31-Cdt1 interaction is specific (Fig. 1D, lanes 10 and 12,  respectively) . The FLAG-FBXO31⌬F protein also co-immunoprecipitated with Myc-Cdt1 (Fig. 1D, lane 11) , suggesting that Cdt1 interacts with FBXO31 through a distinct domain located outside the F-box region.
FBXO31 Ubiquitylates Cdt1-To determine whether the binding between FBXO31 and Cdt1 leads to ubiquitylation, we first determined if FBXO31 mediates ubiquitylation of Cdt1 in vivo. HA-ubiquitin and 8ϫHis-Cdt1 were co-expressed together with either Myc-FBXO31 or Myc-FBXO31⌬F in HEK293T cells as shown in Fig. 2A , and His-tagged Cdt1 was immunoprecipitated followed by Western blotting for presence of HA-ubiquitin. Polyubiquitylated Cdt1 was detected in the presence of exogenous FBXO31 (Fig. 2A, lane 3) but not in the absence of exogenous ubiquitin or FBXO31 ( Fig. 2A, lanes 1  and 2) . Furthermore, Myc-FBXO31⌬F did not result in Cdt1 polyubiquitylation ( Fig. 2A, lane 5) . We then investigated ubiquitylation of Cdt1 in vitro (Fig. 2B) . SCF complexes were affinity-purified with anti-HA-conjugated agarose beads from HEK293T cells expressing HA-tagged Skp1, Cul1, and Roc1 with or without FBXO31 and then incubated with purified GST-Cdt1, E1, E2, and ubiquitin. The ubiquitylation reactions were Western-blotted with an anti-Myc antibody. A highly intense polyubiquitylated ladder of Cdt1 was observed when all components were included in the reaction (Fig. 2B, lane 2) . In 
SCF-FBXO31 E3 Ligase Mediates Cdt1 Proteolysis in the G 2 Phase
contrast, the exclusion of FBXO31 and the Skp1-Cul1-Roc1 together or separately or the E1 and E2 enzymes from the reaction mixture showed a low level of nonspecific ubiquitylated-Cdt1 (Fig. 2B, lanes 1, 3, 4, and 5) . Taken together, our data confirmed that there is an F-box-independent interaction between Cdt1 and FBXO31 proteins (Fig. 1D) , although F-box is required for SCF-FBXO31 E3 ligase-mediated Cdt1 ubiquitylation (Fig. 2) . FBXO31 Regulates Cdt1 Levels by Modulating the Protein Stability-To confirm that Cdt1 ubiquitylation by SCF-FBXO31 leads to its degradation, Cdt1 levels were monitored in H1299 cells transfected with control (non-targeting) or FBXO31 siRNA by Western blotting. Cdt1 levels were stabilized in FBXO31-depleted cells in comparison to control cells (Fig. 3A, left panel) . Consistent with this result, Cdt1 levels were reduced in HEK293T cells overexpressing FLAG-FBXO31 (Fig.  3A, right panel) .
To show that FBXO31 regulates cellular levels of Cdt1 by targeting it for protein degradation and not through transcriptional regulation, we first quantified Cdt1 mRNA by RT-qPCR in asynchronous HeLa cells treated with control or FBXO31 siRNA. The qPCR quantification of Cdt1 mRNA showed no stabilization, but rather a slight reduction, in cells depleted by two different FBXO31 siRNAs, ruling out the possibility of transcriptional regulation of Cdt1 by FBXO31 ( Fig. 3B ). FBXO31 knockdown was confirmed by RT-qPCR using FBXO31specific primers (Fig. 3B) .
Second, a cyclohexamide chase was carried out to determine whether there is a change in Cdt1 protein stability in the absence of de novo protein synthesis in FBXO31-depleted cells. Asynchronous HeLa cells were transfected with control, FBXO31, Skp2, or FBXO31 together with Skp2 siRNA and harvested at different times over a period of 2 h after the addition of cyclohexamide. SCF-Skp2, a well characterized mediator of Cdt1 proteolysis during S phase and G 2 (19, 26) , was included to determine if the two complexes compensate or cooperate with each other in regulating Cdt1. FBXO31 and Skp2 depletion was confirmed by Western blotting using FBXO31 and Skp2 antibodies ( Fig. 3C, left panel) . Western blotting revealed higher levels of Cdt1 in both FBXO31-and Skp2-depleted cells relative to control cells (Fig. 3C, left panel) . Surprisingly, we did not observe a cumulative increase in Cdt1 levels in cells co-depleted of FBXO31 and Skp2, which may in part be due to undertaking our analysis in asynchronous cells. A, H1299 cells were transfected with FBXO31 (siRNA-1) or control siRNA and Western-blotted with anti-FBXO31, anti-Cdt1, and anti-␤-tubulin (loading control) antibodies. Additionally, HEK293T and HEK293T cells overexpressing FLAG-FBXO31 were Western-blotted with anti-FLAG, anti-Cdt1, and anti-␤-tubulin (loading control) antibodies. Cdt1 protein levels were then quantified using the ImageJ software and normalized against ␤-tubulin. B, asynchronous HeLa cells were transiently transfected with control or FBXO31 siRNAs, and Cdt1 and FBXO31 mRNA levels were measured using RT-qPCR assay and normalized against HPRT1 mRNA. C, asynchronous HeLa cells were transiently transfected with control, FBXO31 (siRNA-2), Skp2 or FBXO31 (siRNA-2), and Skp2 siRNA, subsequently treated with cyclohexamide (CHX; 100 M) and harvested at the indicated time points for Western blot analysis using anti-Cdt1 and anti-actin antibodies. Protein extracts from the zero time point were also analyzed on Western blots with anti-FBXO31 and anti-Skp2 antibodies. Fluorescently labeled secondary antibodies were used, and the blots were scanned on a Li-Cor Odyssey scanner. Cdt1 protein levels were then quantified using the ImageJ software and normalized against actin. The 0 time point for each siRNA treatment was set to 1. Half-life analysis is based on two independent experiments. Note that a lane is taken out of the FBXO31, Skp2, and actin blots on the left where marked on the image, but they each represent the same blot and exposure.
The half-life of the Cdt1 protein was determined by quantifying the intensity of the Cdt1 bands relative to the actin loading control at the time points after cyclohexamide treatment (Fig.  3C, right panels) . The data indicated a small increase in Cdt1 half-life (1.2 h) in the FBXO31 and Skp2 knockdown samples relative to the control sample (1 h) providing evidence for the role of FBXO31 in regulating Cdt1 levels. Interestingly, FBXO31 and Skp2 co-depletion increased the Cdt1 half-life even further (2.6 h) although the overall increase in Cdt1 level before the cyclohexamide treatment was comparable to the single knockdown samples (Fig. 3C, left panel) . This suggests that both SCF-FBXO31 and SCF-Skp2 E3 complexes are required for the efficient degradation of Cdt1 but can at least partially compensate for the absence of each other. Notably, FBXO31 depletion induced elevated levels of Skp2, and Skp2 depletion led to FBXO31 accumulation (Fig. 3C, left panel) , implying that the knockdown effect of one might be partially compensated for by the increase in the other with respect to Cdt1 degradation. The mechanism of FBXO31 and Skp2 regulation of each other is beyond the scope of the current study and will be reported elsewhere. Overall, our results suggest that FBXO31 mediates regulation of Cdt1 by modulating protein stability and not mRNA levels, most likely through ubiquitylation and proteasomal degradation.
FBXO31 Interacts with the N Terminus of Cdt1-Nishitani et al. (19) previously described the domains in the N-terminal regions of Cdt1 that mediate the degradation of Cdt1 during S/G 2 phase and after UV radiation using a series of mutations and deletions of Cdt1 N terminus. We used these Cdt1 expression constructs to determine if FBOXO31 interacts with the domains within the Cdt1 N-terminal region and whether it functions independently of the previously identified E3 ligases. The Myc-tagged proteins were expressed in FLAG-FBXO31 stable HEK293T cells, and the interactions were determined by co-immunoprecipitation assay (Fig. 4A) . First, Cdt1 wild type (1-101), Cy (1-101), A6 (1-101), and A6Cy (1-101) mutants were investigated. The Cdt1 (1-101) protein is sufficient to confer normal proteolysis during the cell cycle (19) . In the Cymutant, the CDK/cyclin binding is disrupted, which prevents phosphorylation of Cdt1 Thr-29, required for the recruitment to the SCF-Skp2 complex and its consequent degradation (27, 28) . The A6 construct contains a mutation in the proliferating cell nuclear antigen-interacting protein box (PIP box), which disrupts the proteolysis of Cdt1 by preventing interaction with proliferating cell nuclear antigen and recruitment of the DDB1-Cul4 E3 ligase complex during S phase (19, 29) . Co-immunoprecipitation data showed that all the Cdt1 mutant proteins including the double mutant Cdt1 A6Cy (1-101) were able to bind to FBXO31 (Fig. 4A, lanes 1-4) . Thus the results show that FBXO31 indeed interacts with the first 101 residues of Cdt1, and this interaction is independent of the domains that mediate proteolysis by the SCF-Skp2 and DDB1-Cul4 ligases. Co-immunoprecipitation of FBXO31 with full-length Cdt1 harboring these mutations further confirmed these results (Fig. 4B) .
To identify the FBXO31 binding motif in the Cdt1 N-terminal region, we used the shorter Cdt1 deletion series described previously (19) . The anti-Myc Western blotting of FLAG-FBXO31 immunoprecipitates showed that Cdt1 N-terminal regions as short as the first 28 amino acids interacted with the FBXO31 protein (Fig. 4A, lanes 5-7) . The Cdt1 (11-101) was The 29T amino acid in the Cdt1 protein is a phosphorylation target closely located to Ser-31, which is also a potential phosphorylation target (47) . B, HEK293T cells stably expressing FLAG-FBXO31 were transfected with constructs expressing full-length Myc tagged Cdt1 proteins (wild type, Cy, A6, or CyA6). Cell lysates were immunoprecipitated with an anti-FLAG antibody. Input and IP samples were Western-blotted with anti-Myc or anti-FLAG antibodies. C, HeLa cells were first transfected with control or FBXO31 siRNA (siRNA-2) on day 1, and then a control or FBXO31 siRNA set was transfected with either wild type, Cy, or A6-Cdt1 expression constructs on day 2. The cells were harvested 48 h post-transfection and analyzed by Western blotting with anti-Cdt1, anti-FBXO31, and anti-actin antibodies. The Myc-Cdt1 protein levels were quantified using the ImageJ software and normalized against actin. also detected in the FLAG-FBXO31 immunoprecipitate (Fig.  4A, lane 8) , indicating that the first 10 amino acid residues are dispensable for the FBXO31 binding. Neither Thr-29 nor Ser-31 phosphorylation sites appeared to be important for the FBXO31-Cdt1 interaction. Taken together, these data suggest that amino acids 11-28 are required for FBXO31 binding. Consistent with this suggestion, Cdt1 (21-101) and Cdt1 (38 -101) exhibited a reduced affinity for FBXO31 that was comparable with the tag alone (9myc3NLS) (Fig. 4A, lanes 9, 10, and 12 ). Furthermore, Cdt1 (1-51⌬22-31) was not detected in FBXO31 immunoprecipitates, (Fig. 4A, lane 11) confirming that the region between amino acids 22 and 28 is essential for Cdt1 interaction with FBXO31. Thus our data show the presence of at least one Cdt1 degron, present in amino acids 11-28, which interacts with FBXO31. This is in line with previous literature indicating that the N-terminal region of Cdt1 is required for its cell cycle regulation.
FBXO31 Destabilizes Cdt1 during the G 2 Phase of the Cell Cycle-FBXO31 and Cdt1 are both cell cycle-regulated proteins (2, 30) . Given the data that the Cdt1 degron recognized by FBXO31 is flanked by but distinct from the other Cdt1 degrons regulated by the previously identified E3 ligases, we wanted to address at which stage of the cell cycle SCF-FBXO31 targeted Cdt1 for degradation. First, Western blots were used to monitor Cdt1 and FBXO31 levels in synchronized HeLa cells at different time points after release from a double-thymidine block protocol ( Fig. 5A ). HeLa cells were used, as they are efficiently transfected and can be well synchronized. Cyclin B1 was used as a marker of cells in G 2 and mitosis. Cdt1 levels began to stabilize at 8 h post-release during G 2 and continued into mitosis but were most highly stabilized in the G 1 at 11 h, whereas FBXO31 levels were consistently stabilized from the start of G 2 (8 h) onward through mitosis and early G 1 (Fig. 5A) .
HeLa cells were then transfected with control or FBXO31 siRNA and synchronized using a double-thymidine block. Samples were harvested at different time points after the release and analyzed by Western blotting and flow cytometry (Fig. 5, B and  C) . Cdt1 levels were markedly stabilized in FBXO31-depleted cells only at 8 and 9 h post release. This stabilization was consistent with the cell cycle-regulated expression of FBXO31 at 8 and 9 h post-release (Fig. 5B) . Similar results were obtained using a second FBXO31 siRNA (siRNA-2). 7 Our results suggest that FBXO31 destabilized Cdt1 at a very specific stage of the cell cycle. At 10 h (mitosis) we observed that FBXO31 depletion did not enhance Cdt1 stabilization, suggesting that Cdt1 is stabilized even in the presence of FBXO31 at this time point (Fig. 5B,  10 h) . FIGURE 5 . FBXO31 destabilizes Cdt1 in G 2 . A, HeLa cells were synchronized by double-thymidine block, harvested at the indicated time points after release from the block, and analyzed by Western blotting with anti-Cdt1, anti-FBXO31, anti-cyclin B1, and anti-␤-tubulin antibodies. B, HeLa cells were transfected with control or FBXO31 siRNAs (siRNA-1 shown for panel C), synchronized with a double-thymidine block (DTB), and harvested at the indicated time points after release. The cells were analyzed by Western blotting with anti-Cdt1, anti-FBXO31, and anti-actin antibodies. Cdt1 protein levels were quantified using the ImageJ software and normalized against actin, and the cells were stained with a cell cycle marker (7-AAD) and analyzed by flow cytometry (C).
Flow cytometry analysis of HeLa cells released from the double-thymidine block confirmed that the majority of the cells were at the G 2 phase at 9 h post-release with a few having completed mitosis, implicating a role for FBXO31 in Cdt1 regulation during G 2 (8 -9 h). HeLa cells transfected with two different FBXO31 siRNAs have a cell cycle profile similar to the control siRNA cells for the duration of experiment (until 9 h), suggesting that accumulation of Cdt1 in G 2 is a direct result of FBXO31 depletion rather than due to perturbations in the cell cycle.
Cdt1 Stabilization in FBXO31-depleted Cells Leads to Rereplication-Overexpression or stabilization of Cdt1 in S, G 2 , and mitosis has been shown to result in re-replication and genomic instability (31) (32) (33) (34) . As such, we investigated whether Cdt1 stabilization during G 2 in FBXO31-depleted cells would result in re-replication. To do so, we used EdU (a thymidine analog) incorporation in G 2 HeLa cells to measure re-replication as reported previously (22) . Cells were transfected, synchronized by double-thymidine block, released, and harvested at different time points after a 30-min EdU pulse. The flow cytometry 7-AAD area versus width (x axis) dot plot was used to exclude cell doublets (R0) for all samples, and the gating is shown for control siRNA cells (Fig. 6A ). All samples were then analyzed by dot plots of EdU versus the cell cycle dye (7-AAD) with region R1 representing EdU-positive cells and R2 representing EdU-positive cells with more than 4C DNA content. The results indicated no EdU incorporation at time 0 (G 1 /S) in control cells as expected (Fig. 6B) . The S phase cells at 3 and 6 h showed a high level of EdU incorporation shown in region 1 (R1) for all treatments. Very few control si cells were present in R2 of the plot. As expected, control siRNA-transfected cells in G 2 did not incorporate EdU (9 h). However, cells depleted of FBXO31 or Skp2 contained EdU-positive cells in the G 2 phase (9 h) shown in R1 and R2 on the dot plots, indicating re-replication in these cells (Fig. 6B ). Furthermore, co-depletion of FBXO31 and Skp2 resulted in an additive increase in the number of EdU-positive cells in G 2 , indicating the cooperative function of the two E3 ligases in regulating Cdt1 in G 2 . The 7-AAD cell cycle profiles of cells at 9 h are presented as histograms to show that all samples were in fact in the G 2 phase of the cell cycle at 9 h, and thus the presence of any EdU positive cells is an indication of re-replication and not a delay in cell cycle progression. The EdU histograms at 9 h are also presented to show the total number of EdU positive cells in each sample, and the relative level of EdU-positive cells is also shown on the bar graph in Fig. 6C . Cells overexpressing Cdt1 (used as a positive control) exhibited a level of EdU-positive cells comparable with cells co-depleted of FBXO31 and Skp2 (Fig. 6, B and C) . Moreover, FBXO31 expression in cells overexpressing Cdt1 prevented the re-replication in G 2 , and a lower level of Cdt1 was observed in this sample (Fig. 6, B and C) . Consistent with the EdU data, there was a small Ͼ4C DNA sub-population detected on the 7-AAD histograms for the FBXO31, Skp2, and FBXO31 and Skp2 si samples relative to the control si (Fig. 6B) . Notably, measuring the Ͼ4C sub-population was not as sensitive as measuring the EdU-positive cells in detecting re-replication. This is likely due to the fact that the total DNA being re-replicated in G 2 phase, which is relatively short, is not enough to segregate the cells into the Ͼ4C sub-population, whereas a small amount EdU incorporation is easily detected relative to the EdU negative sub-population. We conclude that SCF-FBXO31 cooperates with SCF-Skp2 in preventing re-replication in the G 2 phase of the cell cycle. This is consistent with our results on the effect of FBXO31 and Skp2 depletion on Cdt1 protein stabilization in the presence of cyclohexamide.
DISCUSSION
In this paper we present evidence showing that SCF-FBXO31 E3 activity mediates Cdt1 proteolysis in the G 2 phase of the cell cycle. Our data suggest that SCF-FBXO31 together with the previously identified E3 ligases, facilitates the precise control of cellular levels of the replication factor, Cdt1, to prevent re-replication. To maintain genomic integrity, it is essential that every DNA segment is replicated precisely once and once only during each cell cycle. This is orchestrated by the strict regulation of members of the pre-replication complex and in particular Cdt1. It is not surprising then that inhibition of Cdt1 activity after S phase is carried out by multiple independent and over-lapping mechanisms.
Although several pathways inhibit untimely Cdt1 activity, proteolytic control also ensures that human Cdt1 is present only from late mitosis and in G 1 phase. It was originally thought that geminin, an inhibitor of Cdt1 activity, plays a crucial role in suppression of Cdt1 function after S phase (35, 36) . It was later shown that Cdt1 degradation is promoted by ubiquitylation in S phase independent of geminin binding (19, 30, 31, 37) . Current evidence suggests that Cdt1 proteolysis during S phase is attributed to the SCF-Skp2 and Cul4-DDB1 ubiquitin ligase complexes, whereas only SCF-Skp2 was shown to regulate Cdt1 in the G 2 phase (38) . Here, we report that the SCF-FBXO31 E3 ligase activity also targets Cdt1 for proteolysis in the G 2 phase of the cell cycle.
We show that SCF-FBXO31 directly interacts with and ubiquitylates Cdt1 in vitro and in vivo. Coimmunoprecipitation of the endogenous FBXO31-Cdt1 was possible only in the presence of the proteasome inhibitor MG132, suggesting the transient nature of this interaction. Performing biochemical screens for E3 substrates is generally hampered by low substrate levels (39) . We validated the endogenous FBXO31-Cdt1 interaction using the PLA (25) . The PLA allows the sensitive detection of protein interactions within 40 nm of each other in situ. The PLA interaction foci for FBXO31 and Cdt1 were detected in the cytoplasm of the G 2 -synchronized cells indicating that FBXO31 targets cytoplasmic Cdt1 for degradation in this phase of the cell cycle.
FBXO31 was shown to interact with the N terminus of Cdt1 in the region encompassing amino acids 11-28. Interestingly, this domain is flanked by, but distinct from the sites that mediate SCF-Skp2-and DDB1-Cul4 dependent Cdt1 degradation. Furthermore, we showed that FBXO31 interacts with Cdt1 proteins (Cy-Cdt1, A6-Cdt1, and CyA6-Cdt1), which are mutated in their binding sites to SCF-Skp2-and DDB1-Cul4-proliferating cell nuclear antigen complexes and hence resistant to degradation by the previously identified E3 ligases. FBXO31 depletion stabilized these mutants in transient expression assays (Fig.  FIGURE 6 . FBXO31 depletion induces re-replication. HeLa cells were transiently transfected with control, FBXO31, Skp2 or FBXO31 (siRNA-2), and Skp2 siRNAs 72 h before harvest. Cells were also transfected with empty vectors, Cdt1 and vector, or Cdt1 and FBXO31 expression plasmids. The transfected cells were synchronized by a double-thymidine block and harvested at the indicated time points after release from the block. All the samples were pulsed with EdU for 30 min before harvest. The samples were analyzed by flow cytometry. A, dot plots of the 7-AAD area versus 7-AAD width were used to gate for single cells only as shown for HeLa cells transfected with control si at time 0. B, the EdU profile and cell cycle analysis data are presented as dot plots. The arrowheads indicate cells with 2C, 4C, 6C, and 8C DNA content. The EdU and cell cycle profile (7-AAD) of cells at 9 h are also presented as histograms in the right panels. C, bar graph showing the relative percentage of EdU positive cells. Western blotting was carried out with anti-FBXO31, anti-Skp2, anti-Cdt1 and anti-␥-tubulin antibodies. 4C), supporting the data that it acts independently of the previously identified pathways.
FBXO31-dependent destabilization of Cdt1 did not appear to depend on its phosphorylation, as indicated by the observation that FBXO31 interacts in vitro with the unphosphorylated Cdt1 with higher affinity than unphosphorylated cyclin D1, which requires phosphorylation for its destabilization by FBXO31 (11) . In addition, the FBXO31 degron in Cdt is not a phosphorylation target.
In G 2 phase Cdt1 is readily phosphorylated to induce its dissociation from chromatin (28) . Additionally a recent report indicates phosphorylation of Cdt1 by stress-activated mitogenactivated protein kinases during G 2 and mitosis (21) . Thus, it is likely that although the phosphorylation of Cdt1 is not necessary for FBXO31-Cdt1 interaction, it leads to subcellular re-localization of some of Cdt1 into the cytoplasm during G 2 and early mitosis, allowing Cdt1 to be targeted by SCF-FBXO31. The phosphorylation of the Thr-29 residue in the Cdt1 N terminus by cyclin-dependent kinases, which causes the dissociation of Cdt1 from the chromatin (28) , may result in the Cdt1 being localized to the cytoplasm. The more sensitive detection of Cdt1-FBXO31 interaction foci by PLA in the cytoplasmic region in the presence of MG132 supports this hypothesis.
Curiously, Cdt1 levels are higher later during mitosis (10 h post double-thymidine release) despite the presence of FBXO31, consistent with the Cdt1 mitotic stabilization and function observed by Varma et al. (40) and Chandrasekaran et al. (21) . The specific interaction partners of Cdt1 and its localization during this stage of the cell cycle may prevent its interaction with SCF-FBXO31. Furthermore, FBXO31 also appears to have distinct mitotic function and localization preventing it from targeting Cdt1 for degradation. 7 The SCF-NIPA was also reported to regulate cyclin B1 only during interphase and not in G 2 /M (41), indicating that this phenomenon is not unique to SCF-FBXO31.
Nishitani et al. (19) systematically dissected the distinct roles of SCF-Skp2 and of Cul4-DDB1 ligases in Cdt1 proteolysis and the Cdt1 N-terminal motifs that are required for mediating its interaction with these E3 ligases. It was shown that the replication-coupled Cul4-DDB1 targeting of Cdt1 for degradation only occurred in S phase, and SCF-Skp2 was proposed as the E3 ligase responsible for Cdt1 degradation in G 2 (19) . Interestingly, the mutant Cy-Cdt1 that is unresponsive to SCF-Skp2 degradation was detected as being stabilized in only 50% of G 2 cells, indicating the presence of additional, Cy-independent pathways for Cdt1 degradation in G 2 phase. Our study suggests that SCF-FBXO31 is the additional mechanism required for maintaining Cdt1 levels low during G 2 . Analysis of Cdt1 in the absence of de novo protein synthesis (cyclohexamide treatment) revealed that although either FBXO31 or Skp2 depletion alone had a modest affect on half-life, co-depletion of both proteins resulted in a dramatic increase in its half-life, suggesting a degree of redundancy between them. Notably, Skp2 is localized primarily in the nucleus in normal cells (42) , whereas FBXO31 is a cytoplasmic protein. Thus, the SCF-Skp2 and SCF-FBXO31 may both be required for the efficient proteolysis of Cdt1 in G 2 phase in a sub-cellular localization-dependent manner.
Cdt1 is known to be rapidly degraded in response to DNA damage (19) . So far the DDB1-Cul4 pathway has been shown to be responsible for Cdt1 degradation in UV-damaged cells (19) . Given the recent report on FBXO31 stabilization in the SK-MEL-28 cells in response to DNA damage (11), we considered the possibility of FBXO31-dependent degradation of Cdt1 in response to DNA damage. However, we failed to detect FBXO31 stabilization after irradiation in a number of cell lines including HeLa, HEK293T, and MCF7 cell lines, and Cdt1 was efficiently degraded after DNA damage in FBXO31 depleted cells. 7 The reason for this discrepancy in FBXO31 regulation after DNA damage is so far unclear and needs to be addressed before any further investigations on the role of FBXO31 in DNA damage-dependent degradation of Cdt1 are undertaken.
We conclude that together with SCF-Skp2, SCF-FBXO31 is required for proteolytic degradation of Cdt1 during G 2 and early mitosis, thereby acting as a "G 2 re-replication insulator" before the assembly of the pre-replication for the next round of replication. It has previously been shown that unscheduled Cdt1 hyperactivity results in re-replication and/or chromosomal damage leading to chromosomal instability and eventual carcinogenesis (18, 33, 34, 43) . Moreover, high expression of Cdt1 in mammalian cells and Drosophila or the addition of Cdt1 protein to G 2 nuclei in Xenopus egg extracts induces rereplication (31, 32, 34, 44 -46) . We found that FBXO31 inhibits Cdt1-induced re-replication in G 2 . We also observed re-replication in FBXO31 depleted cells and an additive increase in re-replication in cells depleted of both FBXO31 and Skp2, which indicates the importance of FBXO31 in maintaining genomic stability and non-redundant function with respect to SCF-Skp2. This may partially contribute to the tumor suppressor activity of FBXO31 and presents a novel mechanism for its action.
